In this study, we examined how channel-forming subunits of the nuclear pore complex (NPC) are 23 assembled into a selective channel within a highly structured scaffold ring during post-mitotic 24 assembly. We focused on non-structured domains of the scaffold Nups and performed in vitro 25 self-assembled particle assays with those derived from channel-forming FG-Nups. We found that 26 non-structured domains of ELYS and Nup35N interacted with channel-forming FG-Nups to form a 27 self-assembled particle. Sequential addition of FG-Nups into the scaffold particle revealed that 28 ELYS, which initiates post-mitotic NPC reassembly, interacts with early assembling FG-Nups 29 (Nups98 and 153) but not middle stage-assembling FG-Nups (Nups58 and 62). Nup35, which 30 assembles between the early and middle stages, facilitated the assembly of Nup62 into the early 31 assembling Nups both in vitro and in vivo. These results demonstrate that ELYS and Nup35 play a 32 critical role in the ordered assembly of channel-forming FG-Nups during mitosis. 33 34 35 3 Keywords 36 Nuclear pore complex, Phase separation, Intrinsically disordered region, Molecular crowding, 37 Self-assembly 38 39 4
2 Summary 22 In this study, we examined how channel-forming subunits of the nuclear pore complex (NPC) are 23 assembled into a selective channel within a highly structured scaffold ring during post-mitotic 24 assembly. We focused on non-structured domains of the scaffold Nups and performed in vitro 25 self-assembled particle assays with those derived from channel-forming FG-Nups. We found that 26 non-structured domains of ELYS and Nup35N interacted with channel-forming FG-Nups to form a 27 self-assembled particle. Sequential addition of FG-Nups into the scaffold particle revealed that 28 ELYS, which initiates post-mitotic NPC reassembly, interacts with early assembling FG-Nups 29 (Nups98 and 153) but not middle stage-assembling FG-Nups (Nups58 and 62). Nup35, which 30 assembles between the early and middle stages, facilitated the assembly of Nup62 into the early 31 assembling Nups both in vitro and in vivo. These results demonstrate that ELYS and Nup35 play a 32 critical role in the ordered assembly of channel-forming FG-Nups during mitosis. 33 Introduction 40 One of the largest protein complexes in eukaryotic cells is the nuclear pore complex (NPC), which 41 spans the nuclear membrane and functions as the sole gate for macromolecular trafficking between 42 the cytoplasm and nucleoplasm (Maximiliano A. D'Angelo and Martin W. Hetzer, 2008) . The NPC 43 is composed of several copies of more than 30 different nucleoporin (Nup) subunits (Elad et al., 44 2009 ). The NPC comprises several structurally distinct domains, such as the nuclear basket, 45 cytoplasmic fibril, scaffold, and central channel, each of which is composed of defined sets of Nups. 46 A number of studies using crystallography and electron tomography have revealed the molecular 47 structures of the Nups and sub-complexes that comprise the scaffold (von Appen et al., 2015) . The 48 entire architecture of the scaffold was then composited by integrating all available structural 49 information for each of the subunits and sub-complexes with information regarding protein-protein 50 interactions (Fischer et al., 2015) . Despite the low degree of amino acid conservation between Nups 51 among different species, the entire architecture of the scaffold turned out to be well conserved. The 52 outer ring containing the Nup107-160 sub-complex (Y-complex) is located at both the cytoplasmic 53 and nucleoplasmic rims, and the inner ring, which contains the Nup93 sub-complex, is located 54 deeper in the pore and connects the membrane and the central channel (von Appen et al., 2015; 55 Fischer et al., 2015) . Interactions between structured Nups and sub-complexes is thought to be 56 stereospecific, resulting in a rigid architecture in the nuclear envelope. 57
In contrast to the scaffold, the central channel is formed primarily by a number of 58 non-structured domains of Nups, which assemble via promiscuous interactions to form a highly 59 crowded environment within the pore (Konishi et al., 2017) . Nups containing a large number of 60 phenylalanine-glycine (FG) motifs (FG-Nups) in a long intrinsically disordered region (IDR-Nups) 61 (Denning et al., 2003; Rabut et al., 2004 ) form a molecular sieve-like environment that functions as a 62 selective barrier with respect to molecular transport. Small molecules (<40 kDa) diffuse passively, 63 but large molecules (>40 kDa) are repelled unless they are carried by an appropriate transport 64 receptor, such as a karyopherin (Elad et al., 2009; Mohr et al., 2009) . Although several experimental 65 and/or schematic models have been proposed to explain the structure and function of the barrier 66 (Frey and Görlich, 2007; Patel et al., 2007) , the molecular mechanism through which a large number 67 of promiscuous interactions among IDR-Nups constructs a functional barrier within the rigid 68 scaffold remains poorly understood. 69
Several lines of evidence have provided clues to enhance understanding of the mechanism 70 of channel formation. Several FG-Nups self-assemble and form a hydrogel (Frey and Görlich, 2007; 71 Frey et al., 2006) via hydrophobic interactions between Phe residues at a high protein concentration 72 (≈10 mM) (Schmidt and Görlich, 2015) . A recent study reported that FG-domains of Nup98 73 spontaneously self-assemble into phase-separated particles in vitro at physiologic concentrations 74 (≈10 µM) (Schmidt and Görlich, 2015) . These findings suggest that the central channel of the NPC 75 forms via self-assembly of non-structured FG-Nups. Another study using a crowding-sensitive 76 fluorescent probe demonstrated that protein crowding is not homogeneous throughout the channel; 77 "protein-rich" domains lie at both rims of the channel but not in the central cavity (Konishi et al., 78 2017 ). This in vivo evidence suggests that even though FG-Nups self-assemble into protein-rich 79 phases, several sets of Nups preferentially assemble into distinct protein-rich phases, possibly one at 80 the cytoplasmic rim and another at the nucleoplasmic rim of the central channel. Furthermore, 81 live-cell imaging of individual Nups during post-mitotic assembly of the NPC demonstrated that 82 individual FG-Nups assemble on the chromosome surface in a defined order (Dultz et al., 2008; 83 Konishi et al., 2017; Otsuka et al., 2014) , suggesting that the assembly of FG-Nups is driven by a 84 specific molecular mechanism and does not proceed solely via a random self-assembly-driven 85 6 mechanism. Collectively, this evidence suggests that although FG-Nups self-assemble into 86 protein-rich phases, a specific molecular mechanism regulates and/or coordinates the assembly of 87 FG-Nups to construct distinct protein-rich phases within the central channel. 88
In this study, we focused on IDRs from FG-Nups in the central channel, as well as those 89 from non-FG-Nups in the scaffold, and examined how they assemble and interact using an in vitro 90 self-assembled particle assay. The results demonstrated that some non-FG-Nups, Nup35 and ELYS, 91 interact with distinct sets of FG-Nups in a self-assembled particle and facilitate interactions with 92 another set of FG-Nups. Our data suggest that IDRs in non-FG-Nups play an important role in the 93 ordered assembly of FG-Nups to construct the functional selective barrier in the central channel of 94 the NPC. 95
Results

96
Both FG-rich and non-FG IDRs form self-assembled particles in a crowded environment 97
Almost all FG-Nups contain a long stretch of IDRs ( Figure S1A ), each of which normally contains a 98 number of FG motifs. In contrast, most non-FG-Nups do not carry IDRs, with the exception of 99 Nup35, ELYS, and Tpr ( Figure S1A ). Nup35, which is found in the inner ring complex, contains a 100 long IDR at its N-terminus (a.a. 1-160). ELYS, a component of the Y-complex in the outer ring, 101
contains IDRs in the C-terminal half of the molecule (a.a. 1310-1559 and 1851-2275). Tpr is a 102 component of the nuclear basket and has an extremely high number of IDRs throughout the molecule 103 (especially in the C-terminal half). We focused on examining the interactions of these IDRs from 104 non-FG-Nups, together with a number of FG-rich IDRs from FG-Nups (Nups214, 153, 98, 62, 58, 105 and 50). IDR fragments examined in this study are summarized in Figure 1A and Table S1 . Most 106 IDRs from FG-Nups contain a large number of FG motifs, whereas Nup214-C and Nup50FG have 107 only a few FG motifs and a relatively high content of charged residues ( Figure 1 ). The IDRs from 108 non-FG-Nups have almost no FG motifs and are extremely rich in charged residues ( Figure 1A) . 109
Purified IDR fragments were labeled with fluorescent dye, diluted into varying concentrations of 110 polyethylene glycol (PEG)-containing buffer, and then observed under a fluorescence microscope. 111
As summarized in Figures 1B-I, some of the IDR fragments formed self-assembled particles in a 112 PEG-dependent manner. Among FG-rich IDRs, Nups214FG, 153FG, 98FG, and 62FG 113 self-assembled (Figures S1B-E), whereas Nups214-C, 58FG-N, 58FG-C, and 50FG did not ( Figure  114 S1F-I). The ability of forming particles appeared to correlate well with the FG content ( Figure 1A) . 115
A FG-rich IDR from Nup214 (Nup214FG, containing 28 FG motifs) formed particles at a low PEG 116 concentration, whereas Nup214-C (4 FG motifs) and Nup50FG (2 FG motifs) did not form particles 117 even at a high PEG concentration (Figures 1D, S1H and S1I), suggesting that hydrophobic 118 interactions are involved in particle formation by FG-rich IDRs (see later section, Self-assembly of 119
FG-rich IDRs and some non-FG IDRs is driven by hydrophobic interactions). 120
Interestingly, some of the non-FG IDRs (Nup35N, ELYS-C1, -C2, and Tpr-IDR1) also 121 formed self-assembled particles even though they do not contain FG motifs, but others did not 122 (ELYS-M and Tpr-IDR2) (Figures 1F-I, S1J-M, -N, and -O). Amino acid sequence analyses revealed 123 that all of these IDRs contained a number of charged residues, but only ELYS-M and Tpr-IDR2 had 124 a large negative net charge (>20, Figure 1A and Table S1 ). This result suggests that particle 125 formation by non-FG IDRs is driven predominantly by electrostatic interactions, but a large negative 126 net charge may interfere with particle formation. Analysis of the secondary structure revealed that 127
Tpr-IDR1, but not other IDRs, had a relatively high degree of coiled-coil structure ( Figure S2B 
Self-assembly of FG-rich IDRs and some non-FG IDRs is driven by hydrophobic interactions 139
We next characterized the protein-protein interactions that induce self-assembly of IDR-Nups by 140 employing two reagents to quantify hydrophobic and electrostatic interactions: 1,6-hexanediol, an 9 aliphatic alcohol that weakens hydrophobic interactions (Patel et al., 2007) ; and NaCl, which 142 strengthens hydrophobic interactions but weakens electrostatic interactions. Self-organization of 143 FG-rich IDRs (Nup98FG and Nup214FG) was significantly inhibited with increasing concentrations 144 of 1,6-hexanediol ( Figures 2A, B and S3A), strongly indicating the involvement of hydrophobic 145 interactions in particle assembly. NaCl had less of an effect on FG-rich IDRs compared with 146 1,6-hexanediol; assembly of Nup214FG increased slightly (15-20%), whereas that of Nup98FG 147 declined by 35-40% with increasing NaCl concentrations (Figures 2A, 2B , and S3B). To confirm the 148 involvement of hydrophobic interactions in particle formation by FG-rich IDRs, particle formation 149 was compared using FG-rich IDRs in which Phe residues were replaced with Ala residues. As shown 150
in Figure S3C , substitution of Phe residues in the FG-motifs of Nup62FG with Ala residues 151 abolished particle formation. These results demonstrate that hydrophobic interactions between Phe 152 residues is the major driving force in the self-assembly of FG-Nups. 153
In a clear contrast, the self-assembly of non-FG-Nup (Tpr-IDR1) was increased by 154 1,6-hexanediol but reduced with increasing NaCl concentrations (Figures 2C, S3A, and S3B), 155 demonstrating that electrostatic interactions govern particle assembly. Interestingly, Nup35N, which 156 is also a non-FG IDR but with a small number of charged residues ( Figure 1A ) and high content of 157 hydrophobic residues (hydrophobic index: −0.21, Table S1 ), behaved as an FG-rich IDR; the particle 158 mass increased as the NaCl concentration increased and declined as the 1,6-hexanediol concentration 159 increased ( Figures 2D, S3A , and S3B). Furthermore, ELYS-C1, a non-FG IDR containing a number 160 of charged residues ( Figure 1A ), exhibited both electrostatic and hydrophobic characteristics 161 ( Figures 2E, S3A , and S3B). The assembly of ELYS-C1 was suppressed both by NaCl and 162 1,6-hexanediol, which could have been due to its unique amino acid sequence, which is characterized 163 by short stretches (~20 amino acids) of charged and hydrophobic residues alternating with each other 10 throughout the fragment (~200 amino acids) ( Figure S3D ). These results are summarized in Figure  165 2F. Most of the FG-rich IDRs self-assembled via hydrophobic interactions, but some non-FG IDRs 166 (ELYS-C1 and Nup35N) also formed particles via hydrophobic interactions. 167 168
IDRs in ELYS and Nup35 interact with FG-IDRs 169
Two different IDRs, each labeled with a different fluorescent dye, were mixed in the same tube and 170 observed under a fluorescence microscope to examine their interaction ( Figure 3 ). One IDR was 171 defined as the "host", and the partition coefficient (PC) of the other IDR (client) in the host particle 172 was then quantified (see Experimental Procedures). As summarized in Figure 3A phase-separated from the host in the same particle ( Figure 3B ), probably due to differences in 179 hydrophobicity; highly hydrophobic IDRs preferred to remain in the less-hydrophobic client particle 180 to avoid contact with the water phase. 181
The interactions between non-FG IDRs (ELYS-C1, Nup35N, and Tpr-IDR1) and between 182 non-FG IDRs and FG-rich IDRs were also examined ( Figures 3D-F ). Tpr-IDR1, which 183 self-assembled primarily via electrostatic interactions ( Figure 2C ), did not co-localize with most of 184 the FG-rich IDRs, except for Nup50FG ( Figure 3F ). In contrast, Nup35N, a non-FG-Nup that 185 self-assembled via hydrophobic interactions ( Figure 2D ), co-localized with most of the FG-rich IDRs 186 (Nups153FG, 98FG, 58FG-N, 62FG, and 214FG) ( Figure 3F ). Similarly, ELYS-C1 co-localized 187 with FG-rich IDRs ( Figure 3F ). These results agree well with those shown in Figures were incorporated into the ELYS particle, compared with the early assembling Nups ( Figure 4C ). 207 Furthermore, Nup62FG (which assembles during the middle to late stages) was not incorporated into 208 the ELYS particle ( Figure 4C ), despite generally co-localizing in the same particle when mixed 209 ( Figures 3D and F) . These results demonstrate a clear correlation between the interaction between 210 ELYS particle and the order of the FG-Nups during post-mitotic reassembly; ELYS, which binds to 211 the chromosome surface at the beginning of NPC reassembly, readily recruits Nups98 and 153 (early 212 assembling Nups) but not Nups58 and 62 (middle stage-assembling Nups). 213 214
Nup35 facilitates the assembly of middle stage-assembling Nups 215
In addition to ELYS, Nup35N also interacted with FG-rich IDRs in our particle assay ( Figure 3 ). As 216
Nup35 appears on the chromosome surface during the early to middle stages of post-mitotic 217 reassembly (Otsuka and Ellenberg, 2017) ( Figure 4A ) and interacts with the structured domain of 218
Nup62 (Fischer et al., 2015) , it can be hypothesized that it facilitates the assembly of middle stage-219 assembling FG-Nups. We therefore tested the capacity of Nup35N to facilitate the incorporation of 220 middle stage-assembling Nups into ELYS particles. Nup35N was pre-incorporated into the 221 ELYS-C1 particle in part to mimic the early to middle stages of post-mitotic reassembly ( Figure 4B and its incorporated fluorescence signal in the particle was quantified. Interestingly, incorporation of 226 Nup62FG into the ELYS-C1 particle was enhanced when the particle contained Nup35N ( Figure 4E) . 227
A similar effect of Nup35N was observed with the incorporation of Nup58FG, although the effect 228 was smaller ( Figure 4F ). It should be noted that no such stimulatory effect was observed with 229 Nup98FG, an early assembling FG-Nup; pre-incorporation of Nup98FG into ELYS-C1 particle did 230 not facilitate the incorporation of Nups62 and 58 ( Figures 4E and F) . These results demonstrate that 231
Nup35N facilitates the interaction of middle stage-assembling Nups with early assembling Nups. 232
13
Finally, we examined the role of Nup35 in the post-mitotic NPC reassembly process in 233
vivo. An EGFP-fused FG-Nup (Nup62 or 153) was expressed in Nup35 (or control) knock-down 234 (KD) cells, and the appearance of fluorescence signals on the chromosome rim during telophase and 235 anaphase was observed by time-lapse imaging. Signal associated with Nup62 began to appear on the 236 chromosome surface 6-9 min after anaphase onset and increased until ~15 min in the control cells 237 ( Figure 4G ). In contrast, Nup35-KD cells exhibited a significant delay in Nup62 assembly, which 238 began to appear after 10 min and slowly increased until 40 min after anaphase onset. It should be 239 noted that the effect of Nup35 KD was not observed in the assembly of Nup153, an early assembling 240
Nup; it began to appear 3-5 min and saturated 10-12 min after anaphase onset in both control and 241
Nup35-KD cells ( Figure 4H ). These results provide clear in vivo evidence that Nup35 facilitates the 242 assembly of middle stage-assembling Nups during post-mitotic NPC reassembly. 243 244 Discussion 245
In this study, we investigated the self-assembling properties of IDRs derived from FG-Nups and 246 non-FG-Nups as well as their interaction patterns using an in vitro particle formation assay. The 247 results demonstrated that i) many FG-rich IDRs self-assemble via hydrophobic interactions and 248 co-assemble (co-localize) well in the same particle; ii) some IDRs from non-FG-Nups self-assemble 249 via electrostatic interactions, whereas others (Nup35N and ELYS-C1) assemble via hydrophobic 250 interactions and interact with FG-rich IDRs; iii) The IDR of ELYS (ELYS-C1) interacts with early 251 assembling FG-rich IDRs (Nups98FG and 153FG) but not with middle stage-assembling Nups 252 (Nups58 and 62); and iv) Nup35N facilitates the assembly of middle stage-assembling FG-rich IDRs 253 (Nups58FG and 62FG) into the ELYS particle. These results demonstrate the important roles of 254 IDRs from scaffold Nups in coordinating the assembly of FG-Nups. It can be hypothesized that 255 14 although self-assembly of Nups is generally driven via promiscuous interactions among IDRs, 256 "ordered" assembly of Nups and the construction of a functional selective channel during the 257 post-mitotic reassembly process could be mediated by a few "facilitator subunits," such as ELYS and 258
Nup35. Functional analyses of these mediator subunits could elucidate the mechanism underlying the 259 construction of the central channel, and together with structural information regarding the scaffold, 260 such analyses could elucidate the structure/function relationship of the entire NPC. 261
The molecular architecture of the scaffold has been studied extensively using 
Protein labeling 359
Purified IDR-Nups' fragments were labeled by utilizing maleimide reaction with artificially added 360 cysteine in the carboxyl terminal of each IDR-fragment or endogenous cysteine for some Nups 361 (Nups214 and Nup58FG-C). Using ATTO dyes (ATTO390, 488, and 610, ATTO-TEC) dissolved in 362 anhydrous DMSO (Nacalai Tesque), the appropriate volume of the ATTO solution was added in the 363 protein stock buffer (final, 10 mM) before dissolving the lyophilized proteins. To stop the maleimide 364 reaction, final 5 mM of dithiothreitol (DTT, Nacalai Tesque) was added into the denaturing protein 365 stock solution and incubated at 4℃ for more than 12 hours. 366 367
In vitro phase separation assay 368
Lyophilized proteins were dissolved in a small volume (~50 L) of protein stock buffer (2 M  369 Guanidine hydrochloride, 100 mM Tris-HCl, 10 mM HEPES, pH 8.0) and stored at 4℃ for 1 day. 370
This stock solution (≈1200 µM) was quickly diluted (>100 times) into the assay buffer (50 mM 371 HEPES, 100 mM NaCl, pH 7.4) containing varying concentrations of crowding agents, salt, or 372 1,6-hexanediol (Nacalai Tesque), after removing aggregates by centrifugation (5 min at 10,000 x g). 373
For sequential partitioning assay, a client protein was added into the assay buffer containing the host 374 protein particle. The final protein concentration was ≈ 2 µM for the client proteins and ≈3 µM for the 375 host protein. 376 377
Microscopic observation, image processing and analysis 378
Protein solution containing self-assembled particles was applied to a 96-well glass bottom plate 379 (IWAKI, Shizuoka, Japan) or a custom-made flow chamber. Microscopic observation was performed 380 using FV3000 confocal laser-scanning microscope (OLYMPUS, Tokyo, Japan) using 60 × NA1.42 381 objective lens (PLAPON60XO) with oil immersion. For the total particle mass analysis, 10 images 382 were randomly taken in 2x zoom field of 60 × objective lens. The excitation wavelength against 383 ATTO390, 488, and 610 was 405 nm, 488 nm, and 564 nm, respectively. Sampling speed was 8.0 µs 384 per pixel. 385
For in vivo live cell imaging, EGFP-fused Nups62 or 153 was co-expressed with mPlum 386 (Clontech)-fused histone H3 in HeLa cells cultured in DMEM (SIGMA) supplemented with 10% 387 FBS (Hyclone). Before the microscopic observations, the culture medium was replaced with phenol 388 red-free medium. The stage-top chamber (Tokai-hit, Shizuoka, Japan) was filled with moisture using 389 distilled water and 5 % CO2, and was maintained at 37C. Images were captured every 1 min 390 between metaphase and early G1 phase. Signal intensity at chromosome rim was measured as 391 described below. 392 Microscopic images were exported as raw tiff 8-bit images (512x512 pixels) and analyzed 393 with particle analyzer plugin in FIJI macro (https://fiji.sc/). When analyzing self-assembled particles, 394 the sum of the RawIntDen (Raw Integrated Density) of each particle per image (total particle mass) 395 was measured. For obtaining the partition coefficient (PC) of a client protein, a threshold for the 396 particle size (>1 µm in Feret's diameter) was applied to eliminate non-self-assembled aggregations. 397
The ratio of the mean intensity of the client protein in the particle ([I]particle) over that of the bulk 398 solution ([I]bulk) was calculated after the background subtraction and shown as common logarithm 399 values. For the sequential partitioning assay, the threshold for the particles' size was set between 5 400 and 15 µm in Feret's diameter to avoid both small and large particles. 401
For analyzing GFP signal in HeLa cells, the chromosome rim was detected in mPlum-H3 402 image by using a particle analyzer of FIJI, converted to a region of interest (ROI), and finally applied 403 to the image of GFP channel. The GFP signal intensity in the ROI was quantified, divided by that in 404 the interphase cytoplasm, and normalized by a value at 45 min. Obtained data were arranged in 405 Excel (Microsoft) and R version 3.4.1. 406
407
FRAP analysis 408
The self-assembled particle was formed by ATTO488-labeled IDR-Nups as described above. A half 409 or a center of the particle was bleached by a 488 nm laser at the maximum output for 4 sec. After 410 bleaching, the time lapse observation was continued every 10 sec. Signal intensity of the bleached 411 region was quantified manually using the FIJI and the obtained values were processed as mentioned 412 above, and shown as a relative intensity to the signal intensity before bleaching. shown on the right. More detailed information on the amino acids composition is shown in Table S1 . 454 
